We propose the minimal and renormalizable non-supersymmetric top SU (5) models where the SU (5) 
els where the SU (5) × SU (3) ′ C × SU (2) ′ L × U (1) ′ Y gauge symmetry is broken down to the Standard Model (SM) gauge symmetry at the TeV scale. The first two families of the SM fermions are charged under SU (3) ′ C × SU (2) ′ L × U (1) ′ Y while the third family is charged under SU (5). In the minimal top SU (5) model, we show that the quark CKM mixing matrix can be generated via dimension-five operators, and the proton decay problem can be solved by fine-tuning the coefficients of the higher dimensional operators at the order of 10 −4 . In the renormalizable top SU (5) model, we can explain the quark CKM mixing matrix by introducing vector-like particles, and we do not have proton decay problem. The models give rise to leptoquark and diquark gauge bosons which violate both lepton and baryon numbers involving the third family quarks and leptons. The current experimental limits for these particles is well below the TeV scale. We also discuss the productions and decays of these new gauge bosons, and their ensuing signals, as well as their reach at the LHC.
I. INTRODUCTION
The Standard Model (SM), based on the local gauge symmetry SU(3) C ×SU(2) L ×U(1) Y , is very successful in describing all the experimental results below the TeV scale. It is an excellent effective field theory, but it is widely believed not to be the final theory. Discovery of new particles is highly anticipated at the Large Hadron Collider (LHC). The most likely and reasonably well motivated candidates are supersymmetric particles, and extra Z ′ boson.
However, it is important to explore other alternatives or entirely new possibilities at the current and future LHC.
In the SM, we have fermions (spin 1/2) and scalars (Higgs fields)(spin 0) which do not belong to adjoint representations under the SM gauge symmetry. Can we also have TeV scale gauge bosons (spin 1) belonging to the non-adjoint representations under the SM gauge symmetry? Can we achieve the (partial) grand unified theory at the TeV scale? Can we construct a renormalizable theory realizing such a possibility which can be tested at the LHC? These are very interesting theoretical questions that we shall address in this work.
Discovery of such gauge bosons around the TeV scale at the LHC will open up a new window
for our understanding of the fundamental theory describing the nature.
How can we construct a consistent theory involving the massive vector bosons which do not belong to the adjoint representations under the SM gauge symmetry? If the massive vector bosons are not the gauge bosons of a symmetry group, there are some theoretical problems from the consistency of quantum field theory, for instance, the unitarity and renormalizability [1] . When the gauge symmetry is spontaneously broken via the Higgs mechanism, the interactions of the massive gauge bosons satisfy both the unitarity and the renormalizability of the theory [2, 3] . Thus, the massive vector bosons must be the gauge bosons arising from spontaneous gauge symmetry breaking.
As we know, a lot of models with extra TeV scale gauge bosons have been proposed previously in the literature. However, those massive gauge bosons either belong to the adjoint representations or are singlets under the SM gauge symmetry [4] [5] [6] [7] [8] [9] [10] [11] . For example,
in the top color model [4] [5] [6] , the colorons belong to the adjoint representation of the SU(3) C ;
in the top flavor model [7, 8] , the extra W ′ and Z ′ bosons belong to the adjoint representation of the SU(2) L , while in the U(1) ′ model [9] or top hypercharge model [10] , the new Z ′ boson is a singlet under the SM gauge symmetry. In the Grand Unified Theories such as SU (5) and SO(10) [12, 13] , there are such kind of massive gauge bosons. However, their masses have to be around the unification scale ∼ 10 16 GeV to satisfy the proton decay constraints.
Some years ago, two of us (TL and SN) had proposed a class of models where the gauge symmetry is G ≡ i G i × SU ( ′ Y has been studied in detail. However, the corresponding (X µ , Y µ ) massive gauge bosons are meta-stable and behave like the stable heavy quarks and anti-quarks at the LHC [14] . Thus, an interesting question is whether we can construct the SU(5)×SU(3) (1) ′ Y models where the (X µ , Y µ ) gauge bosons can decay and produce interesting signals at the LHC. By the way, the six-dimensional orbifold non-supersymmetric and supersymmetric SU(5) and SU(6) models with low energy gauge unification have been constructed previously [15] [16] [17] . However, there is no direct interactions between the (X µ , Y µ ) particles and the SM fermions.
As we pointed out above, the top color model [4] [5] [6] , top flavor model [7, 8] , and top hypercharge model [10] have been constructed before. Because of the proton decay problem and quark CKM mixings, etc, the real challenging question is whether we can construct the top SU(5) model as the unification of these models. Consequently, we can explain the charge quantization for the third family, and probe the baryon and lepton number violating interactions involving the third family at the LHC. Such a model was proposed by us recently [18] , and its implications for LHC was briefly explored.
In this paper, we shall propose two such models: the minimal and the renormalizable top
′ Y gauge symmetry is broken down to the SM gauge symmetry via the bifundamental Higgs fields at low energy. The first two families of the SM fermions are charged under SU(3)
′ Y while the third family is charged under SU(5). In the minimal top SU(5) model, we show that the quark CKM mixing matrix can be generated via dimension-five operators, and the proton decay problem can be solved by fine-tuning the coefficients of the higher dimensional operators at the order of 10 −4 . In the renormalizable top SU(5) model, we can explain the quark CKM mixing matrix by introducing vector-like particles, and we do not have proton decay problem. In these models, the non-unification of the three SM couplings are remedied, because three SM couplings g 3 , g 2 , g 1 are now combinations of (g 5 , g
, and need not be unified. Since the models have baryon and lepton number violating interactions, it might be useful in generating the baryon asymmetry of the Universe. In our models, since the third family quark lepton unification is at the TeV scale, we can probe the new (X µ , Y µ ) gauge bosons at the LHC through their decays to the third family of the SM fermions.
Our paper is organized as follows. In section II, we discuss the two models and their formalism. In section III, we discuss in detail the phenomenological implications of the models. These include the productions and decays of the X and Y gauge bosons at the LHC energies of 7, 8 and 14 TeV, their decay modes, and the signals for the final states. We also discuss the LHC reach for the masses of these particle for various LHC energies and luminosities. Section IV contains our summary and conclusions.
II. THE MINIMAL AND RENORMALIZABLE TOP SU (5) MODELS
We propose two non-supersymmetric top SU(5) models where the gauge symmetry is
The first two families of the SM fermions are charged under SU(3)
′ Y while the third family is charged under SU(5). We denote the gauge fields for SU(5) and SU(3)
′ Y as A µ and A µ , respectively, and the gauge couplings for SU(5), SU(3)
respectively. The Lie algebra indices for the generators of SU(3), SU(2) and U(1) are denoted by a3, a2 and a1, respectively, and the Lie algebra indices for the generators of SU(5)/(SU(3)×SU(2)×U(1)) are denoted byâ. After the SU(5)×SU(3)
gauge symmetry is broken down to the SM gauge symmetry SU(3) C × SU(2) L × U(1) Y , we denote the massless gauge fields for the SM gauge symmetry as A ai µ , and the massive gauge fields as B ai µ and Aâ µ . The gauge couplings for the SM gauge symmetry SU(3) C , SU(2) L and U(1) Y are g 3 , g 2 and g Y , respectively.
To break the SU(5) × SU(3)
′ Y gauge symmetry down to the SM gauge symmetry, we introduce two bifundamental Higgs fields U T and U D [14] . Let us explain our convention. We denote the first two family quark doublets, right-handed uptype quarks, right-handed down-type quarks, lepton doublets, right-handed neutrinos, righthanded charged leptons, and the corresponding Higgs field respectively as
, and H, as in the supersymmetric SM convention. We denote the third family SM fermions as F 3 , f 3 , and N 
′ Y gauge symmetry breaking scale. However, it is not necessary, and we will explain it in the following. In addition, note that the neutrino PMNS mixings can be generated via the right-handed neutrino Majorana mass mixings. we propose two top SU (5) models which can generate the mass for the possible pseudo-Nambu-Goldston boson (PNGB) φ during the gauge symmetry breaking and generate the quark CKM mixings. In the minimal top SU(5) model, we consider the dimension-five non-renormalizable operators and finetune some coefficients of the higher dimensional operators at the order 10 −4 to suppress the proton decay. In the renormalizable top SU(5) model, we introduce the additional vectorlike particles. To give the PNGB mass, we introduce a scalar field XU in the SU(5) antisymmetric representation. And to generate the quark CKM mixings while not to introduce the proton decay problem, we introduce the vector-like fermionic particles (Xf, Xf c ) and
′ Y gauge symmetry can be formally embedded into a global SU (5) ′ symmetry, and to do that, we introduce the vector-like particles (XL, XL c ) as well. The complete particle content and the particle quantum
′ Y gauge symmetry are given in Table I . To give the vacuum expectation values (VEVs) to the bifundamental Higgs fields U T and U D , we consider the following Higgs potential
where M * is a normalization mass scale.
A few remarks are in order. First, with XT particle, the Higgs triplet H ′ T will have mass around the SU(5) × SU(3) Particles Quantum Numbers Particles Quantum Numbers
the above A T term. However, it is still fine even if we do not introduce the XT field. Let us explain it in detail. In our models, we have two Higgs doublets H and H ′ , which give the masses to the first two families and the third family of the SM fermions, respectively.
Thus, H ′ T will have mass around a few hundred GeV, and it has interesting decay channels via Yukawa couplings, which will be discussed in the following.
Second, without the non-renormalizable y T D term, we have global symmetry
′ Y in the above potential, and then we will have a PNGB φ during the SU(5) × SU(3) 
where the mass scales µ ′ and M XU will be assumed to be around 1000 TeV. After we integrate out XU, we get the needed high-dimensional operator
We choose the following VEVs for the fields U T and From the kinetic terms for the fields U T and U D , we obtain the mass terms for the gauge 6) where i = 3, 2, 1, and
where j = 3, 2. We also have the massive gauge bosons (X µ , Y µ ) and (X µ , Y µ ) which are not in the adjoint representations of the SM gauge symmetry. So, the SU(5) × SU(3)
′ Y gauge symmetry is broken down to the diagonal SM gauge symmetry 
If the theory is perturbative, the upper and lower bounds on the gauge couplings g 5 , g
Note that the gauge coupling g 5 for SU (5) is naturally large at the TeV scale because the beta function of SU (5) is negative, i.e., SU (5) is asymptotically free.
A. The Minimal Model
We consider the minimal model first, where we do not introduce any extra ("X") particles XT , XU, Xf , Xf , XD, XD, XL, and XL. So the Higgs triplet H ′ T will be a few hundred GeV. We introduce the non-renormalizable operators to generate the quark CKM mixings.
We also escape the proton decay problem by fine-tuning some coefficients of the higherdimensional operators.
The renormalizable SM fermion Yukawa couplings are
where i/j = 1, 2, k/l = 1, 2, 3, and H = iσ 2 H † with σ 2 the second Pauli matrix. Because the three right-handed neutrinos can mix among themselves via the Majorana masses, we can generate the observed neutrino masses and mixings. In addition, we make a wrong prediction that the bottom Yukawa coupling is equal to the tau Yukawa coupling at the low energy. We can easily avoid this problem by introducing the high-dimensional Higgs field under SU (5), which is out of the scope of this paper. In addition, the Yukawa terms between the triplet Higgs field H ′ T in Φ and the third family of the SM fermions are y
T . So, we have (B + L) violating interactions as well. To generate the quark CKM mixings, we consider the higher-dimensional operators. The dimension-five operators are
And the dimension-six operators are
Interestingly, if we neglect the dimension-six operators in Eq. (2.14), we will generate the down-type quark mixings and charged lepton mixings via the dimension-five operators in However, if we introduce the above dimension-six operators in Eq. (2.14), proton decay can indeed arises due to the up-type quark mixings. For simplicity, we assume that y our fine-tuning is one order smaller and therefore is still acceptable. We would like to point out that the tau lepton decays to electron and muon will be highly suppressed due to the very small y e i3 and y e 3i in the minimal model.
B. The Renormalizable Model
In the renormalizable model, we assume that all the non-renormalizable operators are suppressed by the reduced Planck scale. Thus, we need to introduce all the particles in can arise from the right-handed neutrino Majorana mass mixings. Then both the tau lepton decays to electron/muon and the proton decays to π 0 e + will be highly suppressed.
The relevant renormalizable operators for the SM fermions are
where we neglect the Yukawa couplings for simplicity. We assume that the mass terms term can be generated from the above renormalizable operators f 3 XDU T and XDQ i H, and the y e 3i term can be generated from the above renormalizable operators
In addition, we can show that there are no up-type quark mixings after we integrate out the vector-like particles. Let us explain the point. The SU(3) 
III. PHENOMENOLOGY AND SIGNALS AT LHC
In this section we discuss the production mechanism for the exotic gauge bosons in our model and focus on the X µ and Y µ vector bosons predicted in our model. These vector bosons carry both color and electroweak quantum numbers and behave as leptoquarks as well as diquarks. As the gauge bosons have their origins in the gauge group SU(5) which unifies only the third generation, as far as its coupling to fermions is concerned, it couples only to the third generation quarks and leptons. However, it interacts with the gluon as well as to all the other electroweak gauge bosons of the SM which would help in producing these particles at collider experiments. As far as their production at hadron colliders is concerned the dominant contributions would come from the strongly interacting subprocesses and therefore one can neglect the sub-dominant contributions coming from electroweak gauge boson exchanges. Note that they will however be produced only through the exchange of electroweak gauge bosons at electron positron colliders such as the International Linear Collider (ILC) [19] or the CLIC [20] , envisioned and proposed for the future. We restrict ourselves to the study of these gauge boson at the currently operational LHC at CERN and therefore only focus on the couplings of the X µ and Y µ vector bosons with the gluons which would be relevant for its production at the LHC. The general form of the interaction can be derived from the Lagrangian given by [21] 
where V ≡ X, Y and T a are the SU(3) c generators. The field strength tensors for the exotic vector fields V µ and gluon G a µ are
and the covariant derivative is defined as 
while for the gluon induced subprocess GG → VV , it is given by
Note that the Mandelstam variables s and t are defined in the parton frame of reference.
The pair production cross section at the parton level is then easily obtained using the above expressions. To obtain the production cross section we convolute the parton level cross sectionsσ(q iqi → VV ) andσ(GG → VV ) with the parton distribution functions (PDF).
where F q i , Fq i and F g represent the respective PDF's for partons (quark, antiquark and gluons) in the colliding protons, while Q is the factorization scale. In Fig.(2) we plot the leading-order production cross section for the process pp → VV at center of mass energies of 7, 8 and 14 TeV as a function of the leptoquark mass M V . We set the factorization scale Q equal to M V , and have used the CTEQ6L1 PDF [22] . As seen from the plot, we find that the pair production cross section for both the X and Y leptoquark gauge bosons are quite big for significantly large values of their mass even at the 7 and 8 TeV runs of LHC. Thus one expects severe bounds on such particle masses from experimental data. In an earlier work [18] , we had studied specific signals from the pair production of X µ at LHC and put expected limits on its mass. This work was also followed up by the CMS experimental group which placed comparable limits on such leptoquark vector bosons [23] using collision data from the 7 TeV run of the LHC. We note that as both the X and Y leptoquark gauge bosons have identical masses, any limits on one of them invariably leads to a similar limit on the other.
Thus it is important to explore all possible signals that come from the pair productions of these particles. In this work we extend our earlier study by looking at the different signals from the pair productions of such particles at LHC with center-of-mass energies of 8 TeV and 14 TeV. We note that at the 14 TeV run of LHC the production cross section for the leptoquark gauge bosons is significantly enhanced and would therefore improve the reach for such particle searches.
B. Calculation of decays of the X µ and Y µ gauge bosons
To study the possible signals for the leptoquark gauge bosons, we need to know their decay properties. Since the third family of fermions is only charged under the gauge group SU(5), these leptoquark gauge bosons which come from the SU(5) gauge fields are only coupled to the third generation fermion fields. The interaction Lagrangian of the leptoquark gauge bosons X µ and Y µ with the third generation fermions is given by [24] ,
Using the above interaction Lagrangian, we can calculate the explicit decay modes of the leptoquark gauge bosons, where X µ decays to a top quark pair (tt) or anti-bottom quark + positively charged tau lepton (bτ + ) while Y µ has three decay modes to anti-bottom quark + a tau-neutrino (bν τ ), anti-top quark + positively charged tau (tτ + ) or top quark + bottom quark (tb). The partial decay width for each mode calculated using Eq.(3.6) is then given
where g 5 is the SU(5) gauge coupling and we have only kept the top quark mass (m t ) and neglected the other fermion masses. We plot the branching fractions of the leptoquark gauge bosons decays as well as their total widths, as shown in Fig.(3) . It is interesting to note that while the X µ decays dominantly tobτ + , it also has a substantial branching fraction to a pair of same sign top quarks. For very large values of the mass M X of the X µ , when the mass of the top quark can be neglected, we find that fractions for the decays we can now analyze all the different final states that we expect from the pair production of these leptoquarks at the LHC. Note that the total decay widths (Γ V ) for the leptoquark gauge bosons are such that Γ V < 0.1M V and we have therefore used the narrow width approximation (NWA) which proves to be a useful tool in simplifying the analysis without introducing large errors [25] . We have fixed the g 5 coupling to the value of the strong coupling constant (g s ) throughout the analysis.
C. Signals at LHC
In Ref. [18] we studied the signals for the pair production of the X µ leptoquark gauge boson, where the X µ behaves as a diquark, carrying quantum numbers of two quarks, it is of extreme importance to be able to highlight this characteristic which distinguishes this particle from the usual leptoquark particles. Establishing the existence of both decay modes is needed to show that these interactions are both baryon and lepton number violating. It is also worth pointing out that a similarly massive Y µ in the spectrum which couples as strongly to the gluons as the X µ will also be produced with similar rates and needs to be studied in tandem with the production of the X µ particles at the LHC.
We now consider all decay modes of both the X µ and Y µ and discuss final states which is then studied against the SM backgrounds. For the pair production process of X µ gauge bosons, where X →bτ + , tt we have the following different final states given as
The top quark would further decay, either semileptonically or hadronically to give multilepton and high jet multiplicity final states. For our purposes, if we assume that the top quarks could be reconstructed with some reasonable efficiency in either modes, we can just focus on the above mentioned final state signal. Similarly for the pair production of the Y µ gauge bosons, where Y →bν τ ,tτ + , tb we get the following set of final states given as
Note that both the X µ and Y µ gauge boson productions at the LHC leads to a rich range of diverse final states which lead to many multi-particle signals and would lead to distinct resonances in the invariant mass distributions in some pairs corresponding to the mass of the X µ and Y µ states. Notably we find that each particular event rate is fixed once the model parameters have been fixed, which in our case is the mass of the leptoquark gauge bosons while its coupling strength to the gluons has been fixed to be the strong coupling constant.
Thus the success of the model is not dependent on an observation in only one particular final state but that observation needs to be complemented simultaneously in various other channels as listed above in Eqs.(3.9) and (3.10). Thus the study on all simultaneous channels deserves merit as it will be able to confirm or falsify the model in question.
We now consider different final states and analyze the signals against the SM background.
As we expect that the new gauge bosons when produced on-shell will decay to specific final state products, this would lead to a bump in the invariant mass distribution of the decay Signal SM Signal SM Note that / E T for the SM subprocesses represents one or more neutrinos in the final state.
In Table II we list the relevant SM background subprocesses that we have considered for each set of final states for the signal. Note that we do not make a distinction between the b andb but we distinguish between a τ + and τ − by assuming exact charge measurement will be possible. We also distinguish between a top quark and anti-top quark assuming that they will be reconstructed with their respective charge identifications from its semileptonic decay modes. We associate an efficiency factor of ε t with this reconstruction. For final state signals not involving neutrinos we have not considered SM subprocesses with / E T as they will involve extra electroweak vertices which suppress the contributions and further requirements on missing transverse momenta would make these contributions too small to take into further consideration. We highlight the above mentioned invariant mass distributions in our model TeV is chosen to highlight the signal distributions at the 14 TeV run. We note that there are more than one set of final states where a particular resonance could be observed in the invariant mass distributions and so we consider the scenario where we look at a few definite invariant mass distributions in individual final state modes listed in Eqs.(3.9) and (3.10).
We list below the pair of final state particles for which the invariant mass distribution is considered, motivated by favored modes for reconstructing the mass and the charge of the X µ and Y µ gauge bosons.
(C1) Invariant mass distribution of bτ − coming from the final statesbτ + bτ − , ttbτ − . This is the most favorable mode for reconstructing the X µ resonance.
(C2) Invariant mass distribution of same sign top quark pair tt coming from the final states ttbτ − , tttt. The reconstruction of the leptoquark mass in this mode, although difficult, is essential in measuring the charge of the X µ .
(C3) Invariant mass distribution of tb coming from the final states We shall now discuss the signal and the associated SM backgrounds for the list of resonances given by C1-C4. Note that the signal subprocesses which contribute to give a bτ − final state as listed in (C1) come from both X µ and Y µ pair productions. However the resonant distribution only happens for the X µ production while the Y µ contribution acts to smear out the resonance although it does contribute in enhancing the signal over the SM background. A further smearing effect would come if the tbτ − / E T signal is included.
But we can reject that contribution by demanding that we don't include events with large missing transverse momenta in the final state when reconstructing the bτ − invariant mass.
As discussed in Ref. [18] the dominant background for the resonant signal in the bτ channel comes from pp → 2b2τ, 4b, 2j2b, 2j2τ, 4j, tt where j = u, d, s, c when we consider the signal coming from the pair production of X µ which then decay in the bτ mode to give a 2bτ + τ − final state. The light jet final states in the SM can be mistaged as τ or b jets and thus form a significant source for the background due to the large cross sections at LHC, as they are dominantly produced through strong interactions. Guided by previous analysis [18] , we note that a very strong requirement on the transverse momenta for the b jet and the τ lepton is very helpful in suppressing the SM background. The SM background has been estimated using Madgraph 5 [26] . In this analysis we further restrict the number of SM background sub-processes that contribute to the final state with bτ − by demanding that the tau charge is measured. Therefore we neglect the contributions coming from jets that fake a tau. For example, when we consider the final state as 2bτ + τ − and demand that the tau lepton is tagged as well as its charge measured, we include pp → 2b2τ, 2j2τ, tt as the dominant SM processes for the background. (3.10) against their specific backgrounds independently. We have assumed in our analysis that the top quark and the anti-top quark are reconstructed with good efficiencies which we can parameterize as ε t . Note that we have used the following efficiencies for b and τ tagging, ǫ b = ǫ τ = 0.5 while we assume a mistag rate for light jets to be tagged as b jets as 1% and c jets tagged as b jets to be 10%. All our results here are done at the parton level and therefore to account for the detector resolutions for energy measurement of particles, we have used a Gaussian smearing of the jet and τ energies with an energy resolution given by ∆E/E = 0.8/ E (GeV ) and ∆E/E = 0.15/ E (GeV ) respectively when analyzing the signal events.
In Table III we list the kinematic selection cuts on the events. As the primary decay modes of the heavy leptoquark gauge bosons will have very large transverse momenta we put strong cuts on them. This helps in suppressing the SM background while it does not have any significant effect on the signal events. The cuts on / E T applies only to final states with neutrinos in the decay chain while the ∆R ij cut is on any pair of visible particles. The invariant mass cut M jj is on any pair of jets in the final state.
With the above set of kinematic selection on the final state events we evaluate the signal cross sections and the corresponding SM background given in Table II . We first consider the resonance given by (C1) and show the invariant mass distribution of bτ − in Fig. 4 . We must point out here that the τ − is paired with the b jet which has the leading transverse momenta in case there exist more than one tagged b jets. After including the efficiency invariant mass distribution for the signal. The dominant SM background are given by the following subprocesses, σ(2bτ
which after including the efficiency factors, mistag rates is added to give 0.119 f b. This is plotted in Fig.(4) as "SM (2bτ + τ − )". The corresponding SM background at 14 TeV center of mass energy is much more suppressed (∼ 0.002 f b) because of the strong requirement on the transverse momenta of the jets and the charged tau leptons. The signal is clearly seen to stand out as resonance and one therefore expects this particular mode to be very favorable in searching for the X µ resonance by suppressing the SM background by demanding τ lepton charge identification which gets rid of the large all jet background. Another mode for the bτ − resonance which has completely negligible SM background, is for the final state ttbτ − .
There are two different sources for the signal in this case, one which corresponds to the final states coming from the XX pair production while the other from the YȲ pair production.
As the YȲ contribution does not lead to a resonance in the bτ − mode, it will act to smear out the resonance as compared to that seen for the 2bτ + τ − final state. This is evident in Fig.(4) where the width of the resonance is seen to spread out in more invariant mass bins for the ttbτ − final state. Assuming a top reconstruction with an efficiency of ε t we find that the signal cross section from XX for M X = 800 (1000) GeV at LHC with √ s = 8 (14) TeV is Note that the τ and b tagging efficiencies have been already included. In Fig.(4) we have assumed ε t = 1 for illustration purposes. Therefore the efficacy of the signal with the same sign top pairs in the final state is dependent on the inherent purity of the top reconstruction at experiments.
We now consider the resonance given by (C2) and show the invariant mass distribution of the same sign top pair tt in Fig. (5) . As pointed out earlier, this mode is necessary to measure the charge of the X µ leptoquark gauge boson mass. A resonant bump in the same sign top pair invariant mass distribution would be a clear indication of a particle decaying into two same sign top quarks and therefore give a strong indication that the particle carries 4/3 electric charge and has quantum numbers of a diquark. The signal is again considered for two different set of final states, both of which show an invariant mass peak in the same sign top quark pair. In the tttt final state the signal cross section comes solely from the pair production of the XX gauge bosons. As we have assumed a reconstruction efficiency for the top quarks as ε t , the cross section for M X = 800 (1000) GeV at LHC with Note that tbb / E T is the one which gives a resonant signal while tbτ − / E T gives a continuum in the tb invariant mass distribution because the t and
. This can be seen in Fig.(6) where the large signal contribution in the tbτ − / E T channel is spread out in the invariant mass distribution.
Therefore it is instructive to put a τ veto on the signal with missing transverse momenta when looking at the invariant mass distribution in tb. Again for illustrative purposes we have chosen ε t = 1. by ttτ + τ − , tbτ − / E T and 2tbτ − . As discussed before the 2tbτ − contribution is found to have negligible SM background but the contribution from the XX production to the tτ − invariant mass distribution itself acts as a background for the resonant signal from the YȲ production.
The ttτ + τ − signal comes solely from the Y µ pair production and we find that with the proper charge identification of the τ leptons, we can ignore contributions from SM background processes such as ttjj. The signal cross section in this mode is found to be 4.04 (13.81) × ε nificantly strong cut on the tτ − invariant mass. Note again that for the SM background for the M tτ − invariant mass distribution at √ s = 14 TeV, a similar kink like feature is observed in Fig.(7b) . This is because the same subprocess which contributes in Fig.(6b) also features in this case with similar kinematic cuts which we have already discussed before. We must however point out that if strong p T requirements for the final products were put on events for √ s = 8 TeV, we get a similar kink like behavior in the invariant mass distribution.
D. LHC sensitivity to the X µ and Y µ gauge bosons
As evident from our analyses of the resonant signals for the X µ and Y µ gauge bosons in our models, the LHC would be able to see the signals in various different channels for
significantly large values of their mass. A single channel analysis in the bτ mode relevant for X µ search was considered for its search at the 7 TeV run of LHC [18, 23] while another experimental study relevant for the Y ν search in the bb / E T channel has been done by the CMS Collaboration [27] . Here we do a more expansive sensitivity reach at the LHC for these gauge bosons that can be obtained at different integrated luminosities. For the top decaying semileptonically to bℓ + ν ℓ where ℓ = e, µ the events will be at most, or less than ∼ 22% of the reconstructed top events. While it would be ∼ 66% in the hadronic decay mode. Thus it gives a clear demarcation on the event rate we specify for the final states involving the top and anti-top quarks that would lead to any signal events to reconstruct the tops.
For the sensitivity analysis we define the signal to be observable if the lower limit on the signal plus background is larger than the corresponding upper limit on the background [28] with statistical fluctuations
where L is the integrated luminosity, σ s is the signal cross section, and σ b is the background cross section. The parameter N specifies the level or probability of discovery. We take N = 2.5, which corresponds to a 5σ signal. For σ b ≫ σ s , this requirement becomes similar Table   III and all tagging efficiencies and misstag rates are included. 12) where N s is the number of events for the signal, N b is the number of events for the background, and S equals the statistical significance.
In Table IV , we have calculated the SM background for the different final states that we have considered for the signal coming form the pair productions of the X µ and Y µ gauge bosons. The cross sections shown in Table IV are obtained after passing the events through the kinematic selection conditions given in Table III . In most cases the SM backgrounds are quite small and would remain negligible even with an integrated luminosity of 100 fb −1 .
Note that as the top reconstruction would require sufficient events after it has decayed, we need much larger cross sections for the final states involving top quarks. To use Eq.(3.11),
we require the background events to be sufficiently large such that the fluctuations to a Gaussian distribution could be applied. We find that the best reaches are obtained for the 
